The dynamics of the shielding of particulates ("dust") in low pressure glow discharges have been investigated with a pseudoparticle-in-cell simulation for electrons and ions in the vicinity of a dust particle. The potential of the dust particle, and the orbital nature of ions around the dust particle, depend on the collisionality of the ions. Collisions of orbiting ions effectively increase the ion flux collected by the particle, thereby increasing its potential to more positive values. Electron and ion momentum transfer and collection cross sections for scattering from the dust particle are presented.
The contamination of rf glow discharges for microelectronics fabrication by particulates ("dust") is an acknowledged problem due to both contamination of the product and perturbation of the plasma properties. l-i8 Particles ( 10 s of nm-10 s of pm in size) generally negatively charge in plasmas and usually accumulate at the boundary between the sheath and the bulk plasma in low pressure ( < a few Torr) rf glow discharges.'-" The accumulation of dust particles at these locations occurs when the dust particles become trapped in quasi-dc potential wells adjacent to the wafer." The wells are formed where two opposing forces balance." The tirst force is a viscous ion drag which largely consists of elastic collisions between the dust and positive ions in which the ion performs an open orbit "looping" around the dust particle. Conservation of momentum results in accelerating the dust particle in the original direction of the ion. I3 The second force is electrostatic repulsion by the large electric fields in the sheath which forces the dust particle toward the center of the plasma. Observed two-dimensional distributions of dust particles may result from electrostatic traps formed by the nonplanar relief of the surface. Additional effects such as thermophoresis and polarization forces may also influence the transport of particles. 4p6~10V*6 Electron transport coefficients are also affected by dust particles due to the large momentum transfer cross sections represented by the geometrical obscuration of the charged dust particles and their shielding. Electron impact rate coefficients for high threshold events decrease due to momentum transfer occurring during electron-dust collisions. 17*i8
The transport of dust particles, and the perturbation of electron and ion swarm parameters depend on the details of the sheath surrounding the dust particles. All of these effects roughly scale as (rd+/2)', where rd is the radius of the dust particle and /z is the shielding length. To investigate electron-dust particle and ion-dust particle interactions, a pseudoparticle-in-cell simulation (PICS) has been developed to self-consistently calculate the sheath structure around dust particles. (To avoid confusion, particulate contamination will be called "dust particles" while numerical particles in the PICS will be called pseudoparticles.)
The model will be briefly described. Before executing the PICS, Monte Carlo simulations (MCS) of both the electron and ion swarms are performed using a specified and spatially uniform E/N (electron field/gas number density) . After the electron and ion energy distributions are obtained, an uncharged spherical dust particle is 'introduced into the center of the computational volume. The PICS is then performed while including all of the collision processes described above and simultaneously solving Poisson's equation in the vicinity of the dust particle. Poisson's equation is solved in spherical coordinates in a subvolume centered on the dust particle. The spherical subvolume is centered in a larger rectangular space to which periodic boundary conditions are applied. The potential boundary condition on the outer surface is obtained from the voltage drop resulting from the externally applied E/IV. Pseudoparticles striking the dust particle are collected with unity efficiency. The collected charge was averaged over the surface of the dust particle. The surface charge density provides a boundary condition in the form of the electric field at the surface. The PICS is integrated forward in time until the net charge on the dust particle, Q, reaches a steady state. As an alternate method of solution, we began the PICS with an estimated Q, and the PICS was executed to obtain dQ/dt. Based on the sign of dQ/dt, the PICS is repeated with different values of Q to search for the value of Q which yields dQ/dt=O.
At the end of the simulation, cross sections for electron and ion momentum transfer to the dust particle by open orbits and by collection by the dust particle are calculated using molecular dynamics (MD) techniques. Electron and ion pseudoparticles are launched into the computationalvolume with varying impact parameters. The change in momentum and number of pseudoparticles as they leave the volume are summed to calculate the momentum trans- FIG. 1. Calculated electron and ion densities, and plasma potential for a 1-pm-diam dust particle with a bulk plasma density of 2X 10" cm-.'. The ion and dectron densities are the average of 10 snapshots of the pseudoparticle. distributions. The inset shows a smoothed expanded view of the region near the particle.
fer and capture cross sections. To isolate the interaction of the electrons or ions with the dust particle, we do not include collisions with the gas during the MD calculations.
The collection cross section is therefore a lower limit since some ions are collected following collisions. The quasi-dc electric potential, and charged particle densities (average of 10 "snapshots") as a function of position are shown in Fig. 1 . The Ar gas pressure is 0.2 Torr, and the electron and ion temperatures far from the dust particle are 3.8 and 0.03 eV, respectively. The bulk plasma density far from the dust particle is 2X 10" cmB3. Electrons are quickly collected after introducing the dust particle. The initial rate of charge collection is cd -1Oq ns-'. As the sheath forms, the less mobile ions begin to be collected. As Q reaches a steady state, the rate of charging slows. The steady state Q is N -2364q which occurs after z 100s ns, and develops a particle potential of 16.1. V. The charging time decreases with increasing plasma density ( -70q ns-' at 2X 10" cme3> and decreasing T,.
The shielding length (distance to 0.1 of particle potential) around the dust particle for the conditions in Fig. 1 is ~4.0 pm. The electron and ion Debye lengths are 103 and 9.2 ,um, respectively, and the linearized Debye length is 12.8 ,um. ,l is therefore approximately 0.3 of the linearized Debye length. The particle potential is approximately equal to 1.6 T, which is slightly smaller than the potential predicted by collisionless probe theory.""" This result, as well as the deviation of the plasma potential from the Debye-Huckle form2* can be partly attributed to the nonMaxwellian "cutoff' electron distribution which is depleted of high energy electrons and nonmonoenergetic incident ions; but is most likely attributed to trapped ion orbits, as discussed below.
For a bulk plasma density of 2~ 10" cmW3, the calculated charge on the particle fluctuates with an amplitude of -2Oq. We found for the range of bulk plasma densities examined (10" cmW3 -2x 10" cmm3) interest, each pseudoparticle in the PICS represents a single electron or ion. Although PICS are themselves approximations since the charge density is averaged over a computational cell and there is a noise component to the simulation, the one-to-one correspondence of pseudoparticles and ions (electrons) used in the simulation nevertheless allows one to estimate the statistical fluctuations in the charging of small dust particles in low density plasmas.
The ion density in the vicinity of the dust particle increases while the electron density decreases. The increase in the ion density results from closed and open orbits of ions around the dust particle. ""23'24 The increase in ion density around the dust particle decreases as rd/il increases and as the orbital component of the ion trajectories decreases. A selection of open, closed, and terminal ion orbits around the dust particle are shown in Fig. 2. (These figures are two-dimensional projections of three-dimensional trajectories.) The open orbits are roughly hyperbolic, as shown by trajectories 1 and 2. In trajectory 1, the exiting ion undergoes a collision which redirects its orbit away from the dust particle. In trajectory 2, the exiting ion undergoes a charge exchange collision which allows the thermal ion to be collected. In trajectory 3, the incoming ion undergoes a collision, which allows it to fall into a closed orbit. It undergoes 4 orbits, after which a second collision "kicks" it into an open orbit. Trajectory 4 is a direct collection. Similar orbital motion has been observed in calculations by Goree."3 For these conditions, many of the ions which are collected by the dust particle follow a collision. At high bulk plasma densities ( > 10" cmv3), the ion density near the dust particle is large enough that ion-ion collisions become important. These collisions allow more ions to drop' into closed orbits and allow more ions to be collected by the dust particle. This effectively increases the flux of ions to the dust particle and increases the potential of the dust particle. The potential of the dust particle increased by a few tenths of a volt when including ion-ion collisions.
Cross sections for electron and ion interactions with dust particles (momentum transfer and collection) ob- tained from the MD simulation are shown in Fig. 3 (a) for a bulk plasma density of 3 X 10" cmw3. Electrons and ions which were collected by the dust particle were excluded from the calculation of the momentum transfer cross section (MTXS), as is accepted. practice in swarm studies. The ion and electron MTXS decrease with increasing energy, as does the ion collection cross section (CXS). The electron CXS is zero at energies below the particle potential and increases with increasing energy as only electrons with an energy greater than the particle potential can be collected. The asymptotic values of both the electron and ion CXS are the geometric cross-sectional area of the dust particle (7.9 X 10V9 cm'). By combining the ion MTXS and CXS, the drag force on the dust particle due to Ar ions can be calculated. This force is shown in Fig. 3 (b) . The force is normalized by the net flux of ions passing the dust particle. The increase in the force at low velocities results from the increase in ion momentum while the MTXS is fairly constant. The decrease in the force results from a more rapid decrease in the MTXS than increase in momentum of the ion. Finally, when the MXTS falls below the CXS, the force increases with increasing ion momentum. The ion drag force increases with increasing size of the dust particle since rd//z increases. The direct collection component of the force increases and begins at lower velocities with increasing partitle size. This shape for the ion drag force was previously analytically predicted by Barnes et al. l3 In conclusion, a model has been developed for the shielding of dust particles in low pressure glow discharges (0.2 Torr Ar, 10'"-lO1l cmL3 bulk plasma density). We found that the charging cycle of the dust particle is lOs-to hundreds of ns, which is commensurate with the rf period of plasma processing discharges. The shielding distance can be approximate by the linearized Debye length.'r Collisions of ions in the vicinity of the dust particle result in closed orbits of the ions and increased collection of ions by the particle, resulting in a more positive potential on the dust particle.
